Abstract-The electric variable transmission (EVT) offers a powersplit for hybrid electric vehicles by integrating two motor/generator sets into one electric machine. This double rotor concept implements a continuously variable transmission between the engine and the driveline, including the possibility for electric propulsion.
I. INTRODUCTION
The hybrid electric vehicle (HEV) has become one of the most celebrated concepts for present and future transportation. Progressive developments in vehicle electrification, but also the advanced performance of new battery technologies have contributed to their reliable success. Now the automotive industry is challenged to develop vehicles with an even more efficient powertrain.
Well known are HEVs equipped with a powersplit using a planetary gear set to establish the mechanical connection between the internal combustion engine (ICE), the motor/generator (MG) sets and the vehicle driveline. Typically, the MG delivers propulsion power in such a way that the ICE operates in its preferred operating range. This so called electronic-continuously variable transmission (e-CVT) exists in different configurations, depending on the number of planetary gear sets used (see e.g. [10] for an extensive overview of possible e-CVT configurations).
Complementary to the e-CVT, full electric torque converters are nowadays also gaining interest [3] . By integrating two MGs into one electric machine with double rotor, an electric variable transmission (EVT) is constructed with no mechanical connection between the input and output shaft, see Fig. 1 . The ICE and the driveline are mounted to these shafts, whereas power electronics are connected to both MGs. The battery storage device supplies the power electronics.
Depending on the applied technology, various concepts for the EVT are available. The concept presented by Hoeijmakers and TNO incorporates a highly integrated solution, involving two induction machines [6] . Nordlund and Eriksson presented a solution relying on two permanent magnet machines. These two machines are combined into one package, with the magnets of both machines mounted on the inter-rotor. Their concept is addressed in literature as Four Quadrant Transducer (4QT) [11] . Under financial support of the European Commission (FP6 framework), a similar solution is developed in the Hi-CEPS program (SP3000), incorporating two AC three phases mixed synchronous electric machines with buried permanent magnets. This hybrid active transmission is known as ElectroMagnetic CVT (EM-CVT) [1] . For proper operation of the EVT, integrated powertrain control (IPC) is required. This control strategy takes into account all components of the powertrain and offers a control strategy based on synergy between components [2] . IPC also includes energy management to obtain maximum energy efficiency for every driving cycle. This paper presents an IPC solution for the EVT. First, Section II presents a strategy which considers the EVT without using the battery storage device. Next, a complete IPC strategy is presented incorporating energy management to optimize the energy exchange with the battery. Simulation results for this IPC strategy can be found in Section IV. Finally, the conclusions are summarized in Section V.
II. SYSTEM CONCEPT
The EVT can be considered as a powersplit device with two mechanical connections and two electrical connections. The mechanical connections are used by the engine and the driveline. The ICE delivers power P m1 [W] 
In steady-state situations, the inner motor/generator (IM) is responsible for the transmission ratio ζ between the input and output shaft:
The external motor/generator (EM) directly applies propulsion torque to the output shaft, which is connected to the driveline. Altogether, both MGs can supply/retrieve additional power to/from the EVT to change the transmission ratio and bring the ICE to a desired operating point. The mechanical powerflow through the EVT is described by two power balances:
Conversion losses in the EVT are represented by one lumped efficiency for the IM and EM by means of η im [-] and η em [-] , respectively. These efficiencies are calculated from experiments on a hardware-in-loop test-bench. A typical efficiency map for the IM and EM is shown in Fig. 3 and Fig. 4 , respectively. There should be noted that these maps are measured independently: when measuring η im there holds P m1 = 0 and when measuring η em there holds P t = 0. The net electric power leaving/entering the IM and EM is calculated as follows:
Each MG is connected to power electronics with corresponding power P c1 [W] and P c2 [W] . It is assumed that the power electronics have a constant efficiency 0 ≤ η c ≤ 1 [-] and to establish losses for positive and negative power, the maxoperator is used:
The net electric power P e [W] entails the sum of the power from the electric power converters and this power will be accumulated in the battery storage device:
III. SYSTEM ANALYSIS The EVT offers two degrees of freedom: the transmission ratio ζ and the net electric power P e . These decision variables influence the energy efficiency of the hybrid powertrain and a suitable IPC strategy is desirable. 
A. Transmission Ratio Optimization
The fuel consumption of the ICE plays an important role when selecting the transmission ratio and needs to be included for system analysis. Typically, the fuel mass flow F [g/s] of the ICE is available in terms of a look-up-table:
The ICE efficiency η ice [-] is defined as the ratio between mechanical output power and chemical input power:
with h f [J/g] the chemical energy content of fuel (i.e. lower heating value). For each power level P * , there exists an engine operating point (ω 1 , τ 1 )| Pm1=P * where the efficiency η ice is maximized. The line connecting all these points describes the economy line (e-line), also referred to as optimal operating line. For a typical gasoline (spark ignition) engine, this e-line is visualized in Fig. 5 , including the underlying efficiency map η ice . The engine fuel use for this e-line will be denoted by
Historically, control strategies to optimize ζ focussed on e-line tracking, without paying attention to the efficiency of the transmission itself. IPC aims at control strategies which achieve a global optimal solution and therefore, η ice as well as η evt (=efficiency of EVT) have to be considered. This is elucidated in Fig. 6 .
Depending on the vehicle speed profile, the EVT receives a power request P m2 from the wheels. According to the selected transmission ratio, this will lead to a power request P m1 from the ICE. Remember that the IM from the EVT will be responsible for the engine speed, whereas the EM is responsible for the net engine torque. This mechanism is elucidated in Fig. 7 . In case of no losses in the EVT and the power converters, it is rather trivial to calculate the transmission ratio where the ICE tracks the e-line for each power demand P m2 . Note that issues on driveability (e.g. ICE torque reserve) are not considered in this optimization approach.
Unfortunately, energy losses are always present in practical situations and it is not likely that the ICE purely operates on the e-line. This will be explained below.
It is important to recognize that the EVT and the power converters suffer from energy losses. The internal losses of the EVT (induced by η im and η em ) are not proportional with power, and as such are sensitive to the transmission ratio. Allowing power through the power converters to change the transmission ratio introduces additional losses and this makes the overall efficiency even more sensitive to the transmission ratio. There can be concluded that the EVT itself achieves highest efficiency when ζ = 1. Deciding whether it is profitable to change ζ = 1 and bring the ICE on the e-line depends on the losses in the EVT and the power converters:
• If the EVT and/or the power converters suffer from a poor efficiency, it is not desirable to send power to the MGs and consequently, the EVT transmission ratio remains unity (i.e. ζ = 1).
• If the EVT and the power converters do have a good efficiency, it is profitable to change the transmission ratio by means of power from the MGs and bring the ICE towards the e-line. These extreme values are visualized in Fig. 7 , where point A depicts the situation with zero efficiency, and point B refers to an efficiency of 100% for both EVT and power converters.
In practical situations, however, losses will always be present and point A moves towards the e-line, but augmented by power losses, extra power is requested from the ICE. There exists an optimal point C where the engine has minimal fuel consumption for a given power demand to the wheels, see Fig. 7 .
The corresponding transmission ratio ζ * is found by formulating an optimization problem, where the objective function represents the engine fuel consumption:
Since it was assumed that there is no battery present in the system, P e equals zero and the model from Section II can be used to calculate P m1 as function of P m2 and ζ. Finally, the corresponding fuel consumption is calculated from (12). Although this is a non-linear optimization problem, it still can be efficiently solved using numerical methods.
B. EVT with Energy Storage/Retrieval
Besides the transmission ratio, the EVT also offers freedom to exchange energy with the battery storage system. This second degree of freedom has also to be considered for IPC. For preliminary analysis it is first assumed that the EVT does not suffer from any losses (also neglect losses in the power electronics). For this particular case, the model (5)... (11) boils down to the following ideal powersplit:
The efficiency of this ideal powersplit is not affected by ζ, since it only depends on power without further notice of speed and torque. Then it becomes obvious to operate the ICE exclusively on the e-line, requesting minimal fuel consumption for a given power demand. As a result, one degree of freedom of the EVT is eliminated and only the electric power P e needs to be calculated. Calculation of P e is closely related to supervisory control strategies using optimal control theory [4] , [5] , [9] . The objective function describes the total fuel consumption over an arbitrary driving cycle with time length t e :
This objective function is accompanied by constraints to include the physical limitations of all powertrain components. Furthermore, the battery State Of Energy (SOE) needs to be within boundaries at the end of the driving cycle, e.g. SOE(0) = SOE(t e ). This guarantees a charge sustaining vehicle. The optimization problem under consideration can be written as:
Solution methods for this classical optimization problem can be found in [8] , [9] . Basically, these methods rewrite the SOE constraint in terms of battery power P e , with integral zero if there are no further battery losses:
Next, this new constraint is incorporated in the original objective function J by means of a Lagrange multiplier λ:
Here, λ has dimension [J/J] and it denotes the fuel energy content required to store one Joule energy in the battery. In [7] it is described how λ can be estimated on-line. This reduces the complexity of (19) and instead of solving an optimization problem over the entire driving cycle, the integration over time can be omitted and an instantaneous optimization problem remains:F = min
Up to know, the analysis considered no losses and the simplification in (15) will no longer be valid when losses are included. Nonetheless, a similar approach can still be applied and the IPC strategy then becomes:
Note that the optimization problem in (21) is extended with decision variable ζ. Owing to losses in the EVT and the power converters, the previous section has shown that it is not acceptable to keep the ICE permanently on the e-line and therefore the fuel map F with the complete engine operating range is included in the optimization problem. Finally, engine stop/start needs also to be included in the energy management strategy. In case the ICE is turned off, P m1 = 0 and the battery provides the requested power P m2 . The equivalent fuel usage can be approximated with the same Lagrange multiplier:
Deciding to stop/start the ICE is done according to the following heuristic rule: IfF <F 0 Then ICE = on: Apply solution from (21) Else ICE = off: Battery provides all power demand End Altogether, an energy management strategy is now developed which optimizes the energy efficiency of the entire hybrid powertrain.
IV. SIMULATION RESULTS
A mid-sized vehicle configuration is selected for evaluating the energy management strategy from the previous section. To analyze the performance of this vehicle configuration, the New European Driving Cycle (NEDC) is selected. The corresponding mechanical power request P m2 [W] is calculated from the NEDC speed profile using a backward vehicle model: A description of the parameters is given in Table I and the corresponding vehicle power demand is shown in Fig 8. The vehicle is equipped with a 2.0 gasoline ICE, naturally aspirated. Other characteristics of the powertrain are summarized in Table II. The energy management strategy as described in Section III-B has been implemented, including a PI-controller for on-line estimation of λ, see [7] . In Fig. 9 one can see that the energy management strategy manages to keep the battery SOE near the preferred reference value SOE ref = 70 [%] . Fig. 9 also reveals that the ICE is frequently switched off during constant vehicle speed or deceleration phases. At these moments, the mechanical power demand is relatively low. Since the ICE exhibits poor efficiency at low power demand it is preferred to switch the ICE off in these areas. Nevertheless, considering other vehicle aspects such as driveability or durability (especially for the battery), it would be expedient to limit the number of ICE stops, with adverse effect on fuel economy. How to include these requirements in the energy management strategy will be a topic for further research.
Careful selection of the final drive ratio f r = 4.0 [-] enables the energy management strategy to select frequently the preferred gear ratio ζ = 1.0 for the EVT. This can be seen in Fig. 9 , where the input speed of the EVT often equals its output speed. At vehicle speeds above 50 [km/h] the output speed typically exceeds the input speed, so the EVT operates in overdrive-mode, leading to recirculating power losses inside the EVT. This recirculating power can also be recognized in Fig. 10 , e.g. during the interval t ∈ [1031..1077]. During this time period, the EM produces additional electric power which is directly consumed by the IM.
Optimizing the final drive ratio is a classical trade-off between fuel economy improvement versus driveability. A further reduction of the final drive ratio will improve fuel economy at higher vehicle speed by cutting down losses from recirculating power. However, at low vehicle speed the EVT transmission ratio can become larger than unity. Again recirculating power emerges, but this time the IM produces additional electric power whereas the EM consumes power for providing torque assist to the wheels. Additionally, due to a smaller final drive ratio, less maximum torque can be provided by the ICE which eventually leads to unacceptable performance for tracking the preferred speed profile.
The ICE operating points are visualized in Fig. 11 . It can be seen that only few coinciding points exists with the e-line. Apparently, the fuel benefit for bringing the ICE on the e-line does not compensate for the additional transmission losses. Additional simulations learn that the operating points move closer to the e-line, when the efficiency of the EVT and the power converters increases. If also the battery efficiency can be improved, the energy management strategy eventually operates the ICE either in its sweet spot, or switch the ICE completely off.
V. CONCLUSIONS
Optimization of the vehicle powerflow by means of IPC takes into account the efficiency of all powertrain components, and results in maximum energy efficiency. A solution method is presented how to optimize the gear ratio of the EVT, as well as an on-line energy management strategy to control the hybrid functionality of the EVT.
Simulation results show that the EVT preferably selects transmission ratio ζ = 1 to limit the transmission losses. The IPC strategy anticipates on the losses in the EVT and the electric power converters to obtain the highest overall powertrain efficiency. In the vehicle configuration under consideration, these loses are substantial, such that perfect e-line tracking is discouraged.
Altogether, the IPC strategy with the simulation environment offers an important tool for selecting and optimizing the total powertrain configuration.
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